Grifola frondosa, a medicinal and edible mushroom, has shown different bioactive compounds, such as polysaccharides with anticancer and other therapeutic properties. In the present research, the mycelia of G. frondosa were cultivated in shaking flasks to investigate the effects of agitation speeds, inoculum ratios, and initial pH on pellet morphology, biomass, and extracellular polysaccharide (EPS) production. Furthermore, mathematical models for optimizing the three factors for biomass and EPS production were developed. The results show that the culture parameters including agitation speed, inoculum ratio, and initial pH influenced pellet morphology, biomass, and EPS production. The optimal conditions for biomass and EPS production were agitation speed at 105 and 111 rpm, inoculum ratio 3.1 and 3.3%, and initial pH 5.5 and 5.6, respectively. Under these conditions, the predicted maximum biomass and EPS were 5.28 and 2.35 mg/ml, respectively. The findings may be useful for future development of fermentation techniques for the production of G. frondosa products.
INTRODUCTION
Mushrooms are an abundant source of useful natural products and new compounds with interesting biological properties. Of the 14000 known mushroom species, an estimated 2000 are edible, but few have been thoroughly studied in terms of their commercial potential. Zhong and Tang (2004) reported that fewer than 25 species of mushrooms are widely accepted as foods and only a very few species have attained commercial significance. Historically, medicinal mushrooms have been shown to have profound health benefits and ongoing studies are *Corresponding author. E-mail: jhguo@mail.npust.edu.tw. Tel: +886-8-7740222. Fax: +886-8-7740173 now confirming their medical potential and identifying many of their bioactive compounds. Smith et al. (2002) mentioned that medicinal mushrooms are considered to be a rapidly developing area of biotechnology for therapies for cancer and other diseases. In particular, mushrooms represent an unlimited source of polysaccharides with antitumor and immunomodulating properties. Wasser (2002) observed that many basidiomycetes mushrooms contain biologically active polysaccharides such as beta-D-glucan in their fruiting bodies, cultured mycelium, and culture broth. Recently, Wasser and Weis (1999) isolated and identified a number of substances from the basidiomycetes mushroom, which have antitumor, immunomodulating, cardiovascular, antihypercholesterol, antibacterial, antiviral, antiparasitic, hepatoprotective, and antidiabetic properties.
Extracellular polysaccharides (EPS) obtained from the submerged cultivation of the fungus have been reported to have immunomodulating and antitumor properties ( Cui et al., 2007; Yang et al., 2007) . Lee et al. (2004) indicated that Grifola frondosa (Maitake) is a basidiomycete fungus belonging to the family Polyporaceae. Shen et al. (2002) and Barreto et al. (2007) mentioned that G. frondosa is found mainly in United States, Europe, Japan, and China. Lee et al. (2004) and Shih et al. (2008) spent considerable efforts on cultivating the fungus in solid artificial media to produce fruiting bodies. However, this method is timeintensive and runs a high risk of contamination due to its use of open cultivation and natural medium ingredients. Moreover, Barreto et al. (2007) reported that fungus only grows well in temperate and cold areas. Thus, attention has turned to the production of mycelia biomass and EPS through submerged cultivation, which promises higher productivity and more standard product quality, especially in tropical regions where the climate is not favorable for conventional cultivation.
In submerged cultures, Domingues et al. (2000) mentioned that the morphology of filamentous microorganisms usually varies between pellet and dispersed forms, depending on the respective culturing conditions and the genotype of the strain of microorganism used. Cui et al. (1998) and Liu et al. (2008) observed that these morphologies are influenced by several genetic and environmental factors including type of organism, agitation speed, inoculum ratio, and pH.
Agitation speed may improve heat and mass transfer in submerged fermentation. Low agitation speed could inhibit heat and mass transfer in a submerged culture, which would slow the growth of mycelia. Felse and Panda (2000) indicated that high agitation speed, on the other hand, led to decrease cell growth due to pronounced sporulation. Inoculums ratios affect aggregation of mycelia to form pellets. Large inoculums ratios resulted in small pellet size and relatively increased production of intracellular polysaccharide and EPS. mentioned that large inoculums ratios resulted in small pellet size and increased production of both intra-and extra-cellular polysaccharides, whereas big pellets were obtained at small inoculums ratios. Initial pH affects cell membrane function, cell morphology and structure, solubility of salts, ionic state of substrates, uptake of various nutrients, product biosynthesis and the formation of pellet as reported by Papagianni (2004) and .
The present research investigated the effects of three important culture parameters (agitation speed, inoculum ratio, and pH) on the pellet morphology, mycelia biomass, and EPS productions during the submerged cultivation of G. frondosa. Furthermore, response surface methodology with Box-Behnken design was applied to optimize the three factors in terms of producing mycelia biomass and EPS.
MATERIALS AND METHODS

G. frondosa strain and chemicals
The G. frondosa strain was kindly donated by Prof. Liang Wen-Jinn, Department of Plant Protection, National Pingtung University of Science and Technology. The media, potato dextrose broth (PDB), was obtained from Difco Laboratories Inc., USA. Chemicals including trifluoroacetic acid, ammonium hydroxide, ethanol, sulfuric acid, acetic anhydride, xylose, fructose, arabinose, galactose, glucose and mannose were purchased from Sigma-Aldrich Co., Ltd, USA.
Inoculum preparation
The strain G. frondosa was maintained on potato dextrose agar slants at -20°C. Unless otherwise mentioned, the slant was incubated at 27°C for 14 days, and then stored at 4°C. The mycelium was activated by culturing at 27°C for 7 days on a Petri dish with PDB added with 2% sucrose medium. The experimental inoculums were prepared in 500 ml Erlenmeyer flasks containing 100 ml of the medium with four units of a cutter square of activated mycelia. Mycelia agar squares (5 × 5 mm) were obtained by punching out the agar plate culture with a sterilized loop. The inoculum medium was PDB added with 2% sucrose. The culture was then incubated in an Orbital shaker incubator with a diameter of 50 mm (YIH DER LM-600R, Taiwan) at 27°C and 150 rpm for 7 days. The whole medium, including the mycelium, was homogenized in a blender (Osterizer, Taiwan) for 30 s. The obtained seed culture suspension was used as the inoculums for experiments.
Submerged fermentation
The flask culture experiments were performed in 500 ml flasks containing 100 ml of fermentation medium following inoculation with the seed culture. The fermentation medium was prepared as follows: 250 g of fresh sweet corn was bought at a local market in Neipu Township and cooked for 2 h in 2 L of distilled water. The residual corn seeds were removed to obtain 1 L corn broth, to which was added 2% glucose. The mixture was filtered through a 1 mm filter paper and the corn broth with 2% glucose was autoclaved at 121°C for 30 min. The culture was incubated at 27°C in a rotary shaker incubator at 150 rpm.
The effects of agitation speed on the production of mycelia biomass and EPS were investigated by culturing the fungus in flasks with the following conditions: 100 ml corn broth with 2% glucose, 4% (v/v) of inoculum at 27°C and agitation speeds of 100, 150, and 200 rpm. Samples were analyzed every 3 days up to 15 days total. To study the effects of inoculum ratios on the production of mycelia biomass and EPS, the fungus was cultured in flasks with the following conditions: 100 ml corn broth with 2% glucose, 100 rpm, at 27°C and inoculum ratios of 2, 4, and 6% (v/v). Effects of pH on the production of mycelia biomass and EPS were investigated by culturing the fungus at different initial pH values of 4.5, 5.0, 5.5, 6.0, and 6.5. Samples were analyzed every 3 days up to a total of 15 days.
Box-Behnken design
To optimize the culturing conditions for the production of mycelia biomass and EPS, a three-variable Box-Behnken design according to Cui et al. (2006) was applied using Design-Expert software (Version 8.0.2, Stat-Ease Inc., Minneapolis, USA) with three center points. The variables and the experiment design are shown in Table  1 . The variables are agitation speeds (X1), inoculum ratios (X2), and initial pH (X3). To predict the optimal point, a second order polynomial function was fitted to the correlating relationship between variables and responses. The variable is expressed as the following quadratic equation:
Where, Y is the response; β0 is a regression coefficient; βi is the linear coefficients; βii is the quadratic coefficient and βij is the crossproduct coefficient. Design-Expert software was used to calculate the values of the coefficients, graphical analysis and the optimum culturing conditions.
Measurement of mycelia biomass
The culture suspension was centrifuged at 9,000 × g for 10 min. The supernatant was collected to determine EPS. The residual pellets were washed twice with distilled water and centrifuged again under the same conditions. The mycelia biomass was then put into a freezer (NU -6382G, NUAIRE, Plymouth, USA.) at -80°C for 8 h then freeze dried in the freeze vacuum drier (FD3-12P-80, KINGMECH, Taipei, Taiwan) to a constant weight.
Determination of EPS
Following centrifugation, the supernatant broth was mixed with four volumes of 95% (v/v) ethanol, stirred vigorously and left overnight at 4°C. The precipitated EPS was recovered by centrifugation at 7,000 × g for 10 min and the supernatant was discarded. A 100 mg sample of dried crude polysaccharide was then washed with 70% ethanol and dried in the freeze vacuum dryer. The 0.1 g dried polysaccharide powder was added to 10 ml distilled water. The mixture solution was then filtered using a 0.45 µm pore size nylon membrane. To remove low molecular weight materials, the solution was run through the PD-10 desalting column (GE Healthcare, Buckinghamshire, UK), and the polysaccharide in the filtrate was measured by the phenol-sulfuric acid method according to Du Bois et al. (1956) . A carbohydrate standard calibration curve was prepared in the range of 0 to 100 μg/ml with D-glucose as the standard. The absorbance was read at 490 nm using a spectrophotometer (U-2900, Hitachi, Tokyo, Japan). The molecular weights of the polysaccharide fractions were determined by a highperformance liquid chromatography system with an RI detector and size exclusion column (TSK-GEL G3000PWXL, 7.8 mm (ID), 30.0 cm (L), Tosoh, Japan). The standard dextrans P-5, P-10, P-20, P-50, and P-100 were passed through the column and elution volumes were plotted against the logarithms of their respective molecular weights. The 5 mg EPS powder was dissolved in 0.5 ml 0.05 M NaCl. It was then filtered using a 0.45 µm pore size nylon membrane. The 20 µl solution, thereafter, was injected to the size exclusion column equilibrated and eluted by 0.05 M NaCl at a flow rate 0.6 ml/min. The elution volume of these polysaccharide fractions was plotted on the standard calibration curve and the molecular weights were determined.
Statistical analysis
All the experiments are executed in triplicates with data expressed as mean ± SD. Significant (p < 0.05) differences were analyzed by analysis of variance (ANOVA) with the Duncan multiple range test using Statistical Analysis Software (Version 9.1, SAS Institute Inc., Cary, NC, USA). The second-order polynomial coefficients were calculated and analyzed using the Design-Expert software statistical package (Version 7.0.0, Stat-Ease, Inc., Minneapolis, MN, USA). Statistical analysis of the model was performed to evaluate ANOVA.
RESULTS AND DISCUSSION
Effects of agitation speed
Agitation speed significantly affects pellet morphology during the submerged cultivation of fungi. Pellet weight increased with culturing time and reached a maximum weight after 12 days ( Figure 1a ). Further cultivation led to smaller pellet size. At 100 rpm, the pellets were small and hairy with much hyphae suspension whereas, at 200 rpm, pellets were small, smooth, and compact. To form pellets, agitation requires heat and mass transfer along with hyphae aggregation (Yang et al. 2009 ). Excessively low agitation speeds result in larger pellet size (Tamura et al., 1997; Enshasy et al., 2006) ; however, increasing agitation speeds might damage the pellets by shaving hair from the pellet surface (Cui et al., 1997 (Cui et al., , 1998 , thus resulting in denser pellets with a smaller diameter (López et al., 2005) . Moreover, pellet formation is inhibited at high agitation speeds. At high speeds, freely suspended mycelia of G. frondosa was either obtained (Enshasy et al., 2006; Kim et al., 2007) or the aggregation of mycelium was broken into mycelia fragments (Yang et al., 2009 ). Small and compact pellets were obtained at high agitation speeds (200 rpm) in agreement with many previous studies Yang et al., 2009 , López et al., 2005 . Based on the authors' observations, the presence of small pellets with considerable mycelia suspension at low agitation speeds (100 rpm) may be due to mycelia aggregation being inhibited at low agitation speed.
Further cultivation led to a decrease in mycelia biomass. Of the three different agitation speeds, 100 rpm provided better conditions for fungal growth. At this speed, the maximum obtained biomass was 5.31 mg/m (Figure 1b) , which is significantly (p < 0.05) higher than that obtained at 150 and 200 rpm (4.53 and 4.10 mg/ml, respectively). Biomass obtained at 150 and 200 rpm was not significantly different. Similar to mycelia biomass production, the highest EPS production was 2.14 mg/ml obtained at 100 rpm (Figure 1c) . The EPS at 150 and 200 rpm was 1.59 and 1.46 mg/ml, respectively which is significantly (p < 0.05) lower than that obtained at 100 rpm. This indicates that 100 rpm and 12 days are better agitation speed and cultivation time, respectively for both mycelia biomass and EPS production of G. frondosa.
Agitation enhances mixing in the culturing broth, which is necessary to provide the nutrient and oxygen supply required for the growth of fungi (Cho et al., 2006) and hence increase the production of biomass and EPS . Maintaining optimal dissolved oxygen in culture broth is necessary for the growth and EPS production of G. frondosa (Lee et al., 2004; Kim et al., 2007; Shih et al., 2008) . Hsieh et al. (2006) reported that 21% oxygen is the optimal condition for growth and EPS production by G. frondosa. López et al. (2003) indicated that the growth and EPS production of Arthrobacter viscosus appeared to depend on agitation, with increased agitation speeds significantly increasing concentrations. Low agitation speeds inhibited the growth of the fungus due to limited oxygen and nutrient uptake (Cho et al., 2006) ; however, excessively high agitation speeds resulted in low metabolite production due to the mechanical inactivation effect of the synthesized enzyme system (Purwanto et al., 2009 ). Growth and EPS production were thus inhibited, reducing fungi growth and EPS production (Cho et al., 2006; Xu et al., 2006) . Results showed that growth and EPS production in the submerged cultivation of G. frondosa were influenced by agitation speeds through the changes of pellet morphology. This suggests that in submerged cultivation of G. frondosa, small and hairy pellets are more favorable for the production of biomass and EPS than are bigger and/or small and compact pellets.
Nguyen et al. 6321
Effects of the inoculum ratio
The pellet size at an inoculum ratio of 6% maxed out at day 9 after which it decreased in accordance with further cultivation (Figure 2a ). The pellet size at an inoculum ratio of 2% grew most slowly and was smaller in cultivation than pellets at 4 and 6% of inoculum ratios. At a 4% inoculum ratio, the pellet size increased slower than that at a 6% ratio. However, the 4% pellets reached their maximum size after 12 days of cultivation at which point they were significantly (p < 0.05) larger than those at 2 and 6% after 12 days of cultivation. No difference was found in the outer layers of pellets at different inoculum ratios. The maximum biomass was obtained after 12 days of cultivation. Further cultivation also resulted in the decrease of biomass. The greatest biomass (5.21 mg/ml) was obtained at a 4% inoculum ratio and was significantly (p < 0.05) greater than those at 2 and 6% (4.51 and 4.57 mg/ml, respectively). This means that the 4% of inoculum ratio was a better condition for biomass production ( Figure 2b ). Different from biomass production, the production of EPS at a 2% inoculum ratio was 2.46 mg/ml ( Figure 2c ) and was significantly (p < 0.05) higher than those at 4 and 6% (1.68 and 1.64 mg/ml, respectively). The formation of pellets in submerged cultivation was caused by the aggregation of mycelium. Thus, the concentration of inoculum was important. At low concentrations, aggregation of the hyphal element was limited and only small pellets were formed. At higher inoculum concentrations, aggregation increased and larger pellets were formed . The interaction of hyphae was the main factor in pellet formation. In the early growth stages, high inoculum sizes are favorable for the agglomeration of clumps; thus, given high inoculum sizes during the first stage of cultivation, pellet sizes were bigger than for those given lower inoculum sizes (Liu et al., 2008) .
Control over the inoculum ratio is very important for both cell growth and metabolite production in the submerged cultivation of fungi . However, the effects of inoculum on the growth and metabolite production of fungi are still controversial. Increasing the inoculum concentration resulted in an increase in the yield of mycelium and the number of pellets, but decreased pellet size (Yang and Liau, 1998) and led to increased cell mass (Zhang and Zhong, 1997) . Moreover, Wang et al. (1997) demonstrated that an increase in inoculum size corresponded with an increased growth rate, with maximum growth occurring earlier than in those at a lower inoculum size. These phenomena may be due to the high inoculum size resulting in greater interaction among hyphae, which disrupts hyphae aggregation and results in inhibited fungi growth (Domingues et al., 2000; Liu et al., 2008) . Increased EPS production did not always correspond with increased biomass production. Results suggest that small and hairy pellets are favorable for secretion of EPS in submerged cultivation of G. frondosa.
Effects of agitation speed, inoclum ratio, and initial pH on biomass and EPS productions
High biomass production was in accordance with high EPS secretion at different agitation speeds ( Figure 3a and b); however, due to pellet morphology under different cultivation conditions, at different inoculum ratios, the highest biomass production did not necessarily result in the highest EPS secretion. Biomass production was highest at 100 rpm where the pellets were small and hairy. On the other hand, peak biomass was achieved at an inoculum ratio of 4% where the pellets grew larger than those at inoculum ratios 2 and 6 %, respectively. This suggests that smaller and hairier pellets are more conducive to EPS secretion. These small and hairy pellets had more effective oxygen and nutrient uptake than those of bigger, smoother pellets. Indeed, the EPS secretion of G. frondosa has been shown to be markedly influenced by the supply of oxygen and nutrients (Lee et al., 2004) and high biomass does not always lead to high EPS secretion (Shih et al., 2008) . This may be due to the EPS secretion being regulated by the outer layer of pellets where oxygen and nutrient supplies are sufficient. However, research on how EPS are produced during submerged cultivation of G. frondosa is limited, and further study of the mechanism for EPS secretion and its relationship with pellet morphology is required.
No significant difference was found between the biomass and EPS production of G. frondosa for different initial pH (Figure 3c ). The maximum biomass and EPS was 5.40 and 2.24 mg/ml, respectively obtained at pH 5.5. These results are in agreement with Lee et al. (2004) . Initial pH also affects cell membrane function, cell morphology and structure, solubility of salts, ionic state of substrates, uptake of various nutrients, and product biosynthesis (Papagianni, 2004) . The pH influences pellet formation especially in terms of the coagulation of spores.
Optimizing key culturing conditions for mycelia biomass and EPS production
By applying regression analysis to the experimental data, the following second-order polynomial Equations 2 and 3 were found to explain the production of mycelia biomass and EPS, respectively: Y 1 = -77.04 +0.066 X 1 + 1.02 X 2 + 28.01 X 3 -0.0007 X 1 X 2 + 0.0005 X 1 X 3 -0.015 X 2 X 3 -0.00029 X 1 2 -0.14 X 2 2 -2.53 X 3 2 (Equation 2) Y 2 = -26.97 + 0.028 X 1 + 0.68 X 2 + 9.56 X 3 + 0.90 X 1 X 2 + 0.44 X 1 X 3 + 0.21 X 2 X 3 -9.28 X 1 2 -0.05 X 2 2 -0.83 X 3
(Equation 3)
In Equation 2, Y 1 is the predicted mycelia biomass production. The statistical significance of Equation 2 was checked by F-test, and Table 2 summarizes the ANOVA for the response surface quadratic model. The Fisher ' s Ftest with very low probability value of P model > F = 0.0003, demonstrates that the model is significant. The R 2 is 0.987, indicating a good agreement between experimental and predicted values and implying that the mathematical model is very reliable for biomass production. The value of adjusted R 2 is 0.965, suggesting that the total variation of 96.5% for the biomass production is attributable to the independent variables. The Pred-R 2 of 0.895 is close to the value of adjusted R 2 , indicating that the model is reasonably able to predict biomass production. The value of lack of fit for regression Equation 2 is not significant (p = 0.7027), indicating that the model equation is adequate for predicting biomass yield under any combination of variable values. The liner terms of agitation speed (X 1 ), and the quadratic terms of agitation speed, inoculum ratio, and initial pH are significant in biomass production. The liner terms of inoculum ratio (X 2 ), initial pH (X 3 ), and intercept terms of X 1 X 2 , X 1 X 3 , and X 2 X 3 are not significant.
In Equation 3, Y 2 is the predicted EPS production. The statistical significance of Equation 3 was checked by Ftest, and Table 3 summarizes the ANOVA for the response surface quadratic model. The Fisher ' s F-test with very a low probability value of P model > F = 0.006, demonstrates that the model is significant. The R 2 value is 0.958, indicating a good agreement between experimental and predicted values and implying that the mathematical model is very reliable for EPS production. The Pred-R 2 of 0.7735 is close to the value of adjusted R 2 (0.8828), indicating that the model is reasonably able to predict the production of EPS. The value of lack of fit for regression Equation 3 is not significant (p = 0.8898), indicating that the model equation is adequate for predicting EPS yield under any combination of variable values. The liner and quadratic terms of agitation speed (X 1 ), inoculum ratio (X 2 ), and initial pH (X 3 ) are significant in EPS production. However, the intercept terms of X 1 X 2 , X 1 X 3 , and X 2 X 3 are not significant.
The response surface curves and the corresponding contour curves described by the regression model are constructed. The increase of biomass and EPS corresponded with increased agitation speed in the range of 50 to 105 and 111 rpm, respectively (Figure 4a and b) . Beyond this level, biomass and EPS production fell slightly, suggesting that biomass and EPS production are low at low agitation speeds due to limitations on heat and mass transfer. On the other hand, high agitation speeds damage pellets and inhibits new pellet formation (Cui et al., 1997 , Enshasy et al., 2006 Kim et al., 2007) , thus inhibiting biomass and EPS production. The angle of inclination of the principal axis does not evidently lean toward either the agitation speed or inoculum ratio, indicating that biomass and EPS are nearly equally dependent on these two variables. The corresponding contour of biomass and EPS shows an approximately rounded ridge running diagonally along the plot implying that agitation speed and inoculum ratio are slightly interdependent. The biomass and EPS production were increased in the range of initial pH from 5.0 to 5.5 and 5.56 (Figure 5a and b) respectively and decreased together with further increases in initial pH. Initial pH affects the formation of pellets which, in turn, affects biomass and metabolite production (Fang and Zhong, 2002). Edible mushrooms can grow in a wide pH range; however, each mushroom grows best at only one optimal initial pH. The angle of inclination of the principal axis in the 3D surface curve and the rounded ridge running diagonally along the contour plot indicate that the effects of initial pH and agitation speed on biomass and EPS production are nearly equal. It was obvious that increasing the inoculum ratio to 3% resulted in increased biomass production (Figure 6a and b) . However, further increases in the inoculum ratio led to decreased biomass and EPS production. The 3D surface and corresponding contour shows slight interdependence between the two variables. Design-Expert software was used to find an optimal solution for Equation 2. The resulting solution showed that the optimal conditions for biomass production were agitation speed 105 rpm, inoculum ratio 3.1%, and initial pH 5.5. Given these conditions, the maximum predicted biomass was 5.28 mg/ml. Regarding the optimization of EPS production in Equation 3, the optimal conditions were agitation speed 111 rpm, inoculum ratio 3.3%, and initial pH 5.6, respectively. Given these conditions, the maximum predicted biomass was 2.35 mg/ml.
Conclusion
In conclusion, controlling mushroom morphology during submerged cultivation would be an effective strategy for optimizing mycelia biomass and EPS production of G. frondosa. The present study establishes optimal cultivation parameters for biomass and EPS production. The predicted data and mathematical models will be useful in the development of fermentation techniques for the cultivation of G. frondosa. Mathematical models developed to optimize culturing conditions in fermentation for biomass and EPS production could be useful for upscale process and could be applied in industrial scale.
